Nerve roots have specialized transition zones that permit axon extension but limit cell movement between the CNS and PNS. Boundary cap cells prevent motor neuron soma from following their axons into the periphery, thereby contributing to a selective barrier. Transition zones also restrict movement of glial cells. Consequently, axons that cross the CNS-PNS interface are insulated by central and peripheral myelin. The mechanisms that prevent the migratory progenitors of oligodendrocytes and Schwann cells, the myelinating cells of the CNS and PNS, respectively, from crossing transition zones are not known. Here, we show that interactions between myelinating glial cells prevent their movements across the interface. Using in vivo time-lapse imaging in zebrafish we found that, in the absence of Schwann cells, oligodendrocyte progenitors cross ventral root transition zones and myelinate motor axons. These studies reveal that distinct mechanisms regulate the movement of axons, neurons, and glial cells across the CNS-PNS interface.
Introduction
Communication between CNS and peripheral nervous system (PNS) occurs via regularly spaced nerve roots where axons either cross into or out of the neuraxis. In rodent and bird embryos, neural crest-derived cells are tightly associated with the end feet of radial glia and astrocytes at axon entry and exit points, disrupting the basal lamina that covers the spinal cord and brain (Altman and Bayer, 1984; Golding and Cohen, 1997; Fraher et al., 2007) . Interaction of neural crest cells with radial glia and astrocytes might contribute to a selective gating mechanism that permits axon crossing but not neuronal migration, thereby maintaining the integrity of the CNS-PNS interface.
Axon entry and exit points are also the sites of a transition between central and peripheral myelin. Oligodendrocytes and Schwann cells, the myelinating glia of the CNS and PNS, respectively, form unique heminodes on axons precisely at the interface (Fraher and Kaar, 1984; Fraher, 2000) . Oligodendrocyte and Schwann cell progenitors are highly migratory (Kalderon, 1979; Bhattacharyya et al., 1994; Kirby et al., 2006) and Schwann cells can invade the CNS following injury (Gilmore and Sims, 1997) . However, the presence of Schwann cells in the CNS and oligodendrocytes in the periphery of normal animals is rare (Maxwell et al., 1969; Raine, 1976; Jung et al., 1978) . The mechanisms that establish boundaries between different myelinating cells and prevent oligodendrocytes and Schwann cells from crossing the CNS-PNS interface during normal development are not known.
We recently described a population of ventral spinal cord glial cells in zebrafish that migrate through motor axon exit points (MEPs) and develop as perineurial cells, which tightly wrap and protect peripheral nerves (Kucenas et al., 2008) . This raised the possibility that axon entry and exit points regulate the movement of glial cells as well as axons and neurons. To test this we performed time-lapse imaging experiments to follow glial cell movements in zebrafish embryos and larvae. These studies revealed that, in the absence of Schwann cells, oligodendrocyte progenitor cells (OPCs) migrate through MEPs and myelinate peripheral motor axons. Therefore, distinct and highly selective gating mechanisms regulate the movement of axons, neurons, and glia across the boundary separating the CNS and PNS.
Materials and Methods
Fish husbandry. All animal studies were approved by Vanderbilt University Institutional Animal Care and Use Committee. Zebrafish strains used in this study included AB, Tg(nkx2.2a:megfp) vu17 (Kirby et al., 2006; Kucenas et al., 2008b), Tg(sox10(7.2):mrfp) vu234 (Kucenas et al., 2008b), Tg(olig2:egfp) vu12 (Shin et al., 2003) , colourless(cls) m241 (Dutton et al., 2001), mont blanc(mob) m610 , and mother superior(mos) m188 (Neuhauss et al., 1996) . Embryos were produced by pairwise matings, raised at 28.5°C in egg water or embryo medium and staged according to hours postfertilization (hpf). Embryos used for in situ hybridization, immunocytochemistry, and microscopy were treated with 0.003% phenylthiourea in egg water to reduce pigmentation.
In vivo imaging. At 24 hpf, all embryos used for live imaging were manually dechorionated and transferred to egg water containing phenylthiourea. At specified stages, embryos were anesthetized using 3-aminobenzoic acid ester (Tricaine), immersed in 0.8% low-melting point agarose, and mounted on their sides in glass-bottomed 35 mm Petri dishes (World Precision Instruments). All images were captured using a 40ϫ oil-immersion objective (numerical aperture ϭ 1.3) mounted on a motorized Zeiss Axiovert 200 microscope equipped with a PerkinElmer ERS spinning-disk confocal system. During time-lapse experiments, a heated stage chamber was used to maintain embryos at 28.5°C. Z image stacks were collected every 10 -15 min, and three-dimensional datasets were complied using Sorenson 3 video compression (Sorenson Media) and exported to QuickTime (Apple) to create movies.
In situ RNA hybridization. Embryos and larvae were fixed in 4% paraformaldehyde for 24 h, stored in 100% methanol at Ϫ20°C, and processed for in situ RNA hybridization. Plasmids were linearized with appropriate restriction enzymes and cRNA preparation was performed using Roche DIG-labeling reagents and T3, T7 or SP6 RNA polymerases (New England Biolabs). After the in situ hybridization, embryos were embedded in 1.5% agar/30% sucrose and frozen in 2-methyl butane chilled by immersion in liquid nitrogen. Transverse sections (10 m) were collected on microscope slides using a cryostat microtome and covered with 75% glycerol. Images were obtained using a Retiga Exi-cooled CCD camera (Qimaging) mounted on an Olympus AX70 microscope equipped with Openlab software (Improvision). All images were imported into Adobe Photoshop. Adjustments were limited to levels, contrast, color matching settings, and cropping.
Immunohistochemistry. Embryos and larvae were fixed in AB Fix (4% paraformaldehyde, 8% sucrose, 1ϫ PBS) for 3 h at 23°C or overnight at 4°C and embedded as described above. We collected 10 m transverse sections using a cryostat microtome. Sections were rehydrated in 1ϫ PBS for 60 min at 23°C and preblocked in 2% goat serum/BSA/1ϫ PBS for 30 min. Sections were incubated in primary antibody overnight at 4°C. The primary antibodies used included mouse anti-Isl (39.4D5, 1:100; Developmental Studies Hybridoma Bank), rabbit antibody to Sox10 (Park et al., 2005) (1:500), rabbit antibody to MBP (1:500, generated commercially against the peptide sequence CSRSRSPPKRWSTIF, Open Biosystems), and mouse antibody to acetylated tubulin (1:5000, Sigma). Sections were washed extensively with 1ϫ PBS, incubated for 3 h at 23°C with either Alexa Fluor 647 goat anti-rabbit or Alexa Fluor 568 goat anti-mouse (Invitrogen) as secondary antibodies for detection of primary antibodies, and washed with 1ϫ PBS for 30 min. Sections were mounted in Vectashield (Vector Laboratories) and imaged using the confocal microscope described above. Image adjustments were limited to contrast enhancement and levels settings using Volocity software (Improvision) and Adobe Photoshop.
Electron microscopy. 5 days postfertilization (dpf) larvae were killed with Tricaine, fixed in 4% glutaraldehyde in 0.05 M PBS-Sucrose for 1 h, washed three times in dH 2 O and placed into fresh 4% glutaraldehyde overnight. Samples were postfixed in 2% OsO 4 in 0.1 M PBS-Sucrose for 2 h at 23°C, washed three times in dH 2 O, and stained in uranyl acetate for 2 h to enhance contrast. Samples were then subjected to complete dehydration in an ethanol series: 50%, 70%, 95%, 100% ethanol three times for 15 min each, and processed with 100% propylene oxide three times for 15 min. Samples were subsequently equilibrated in 50% epon/50% propylene oxide overnight at 23°C, transferred to fresh 100% epon for 6 h, and then placed in a 65°C vacuum oven overnight to facilitate infiltration of the tissue. Ultrathin section (70 -90 nm) were obtained on a Leica UCT Ultracut microtome, transferred to copper grids and examined on a Phillips CM12 TEM equipped with a high resolution CCD digital camera.
Data quantification and statistical analysis. To count cells in mutant and wild-type larvae, composite Z image stacks were compiled using Volocity software. Cell counts were taken from lateral, whole-mount views between somites 8 and 13. Individual z images were sequentially observed and cells counted within the entire z stack. All graphically presented data represents the mean of the analyzed data. Statistical analyses were performed with Prism software. The level of significance was determined by either paired or unpaired t tests using a confidence interval of 95%.
Results

OPCs migrate from the spinal cord to replace Schwann cells along spinal motor nerves
To test the hypothesis that interactions between myelinating cells influence their distribution and behaviors at transition zones, we performed time-lapse imaging of zebrafish embryos and larvae carrying mutations that disrupt Schwann cell development. We first examined colourless (cls) mutant embryos, which are deficient for Sox10 function and lack differentiated Schwann cells (Dutton et al., 2001) . To follow the glial cells, we created cls Ϫ/Ϫ ; Tg(olig2:egfp); Tg(sox10(7.2) :mrfp) embryos, in which both OPCs and Schwann cells express membrane-tethered red fluorescent protein (RFP) under control of sox10 regulatory DNA (Kucenas et al., 2008) and OPCs but not Schwann cells express cytosolic enhanced green fluorescent protein (EGFP) (Shin et al., 2003) , thereby allowing us to easily distinguish between these cell types. Time-lapse imaging revealed that Schwann cells migrated to motor roots but failed to wrap axons ( Fig. 1 ; supplemental Movie 1, available at www.jneurosci.org as supplemental material). At the same time, long processes of cells marked by EGFP and RFP, indicative of OPCs, began to emerge from the spinal cord at MEPs. These processes sometimes appeared to contact Schwann cells while their cell bodies remained within the spinal cord. Eventually, Schwann cells fragmented and died. Immediately afterward, EGFP ϩ RFP ϩ OPCs migrated from the spinal cord through MEPs. OPC migration through MEPs began ϳ12 h after OPC specification in the spinal cord and occurred at every motor root, but only after Schwann cells died. Peripheral OPCs had morphologies and behaviors similar to central OPCs (Kirby et al., 2006) , extending and retracting long membrane processes and sometimes dividing. Despite remaining associated with motor roots, peripheral OPCs did not wrap axons and eventually died. OPCs that remain within the spinal cord of cls mutant larvae initiate axon wrapping before dying (N. Takada, S. Kucenas, and B. Appel, unpublished observations).
Because both Schwann cells and OPCs require Sox10 function, we sought a second method for eliminating Schwann cells that would not affect OPC development. Embryos that are homozygous for mutations of mont blanc (mob) and mother superior (mos), which disrupt functions of the Tfap2a and Foxd3 transcription factors, respectively (Barrallo-Gimeno et al., 2004; Montero-Balaguer et al., 2006) , do not have neural crest derivatives and, consequently, do not have Schwann cells (Arduini et al., 2009) (Wang et al., in preparation) . Nevertheless, we found that mob Ϫ/Ϫ ;mos Ϫ/Ϫ larvae had Sox10 ϩ cells associated with motor roots (Fig. 2 D, E) . Although mutant larvae had far fewer ventral root-associated Sox10 ϩ cells than wild type, the number increased slightly to ϳ3 cells per root between 3 and 4 dpf (Fig.  2G) . In contrast, the lateral line nerves, which are myelinated by Sox10
ϩ Schwann cells in wild-type larvae, had no Sox10 ϩ cells associated with them in mob Ϫ/Ϫ ;mos Ϫ/Ϫ larvae (data not shown).
To verify our observation that OPCs occupy motor nerves in the absence of Schwann cells in mob Ϫ/Ϫ ;mos Ϫ/Ϫ larvae and further document their behaviors, we performed additional timelapse imaging. In the following experiments we imaged a total of 11 mutant larvae, analyzing 3 motor roots per larva, and observed consistent behaviors at each root. Combination of the Tg(nkx2.2a:megfp) Fig. 3A; supplemental Movie 2, available at www.jneurosci.org as supplemental material). Perineurial glia extended processes from the spinal cord but did not migrate into the PNS, consistent with our previous observations that perineurial glia migration from the CNS requires the presence of Schwann cells (Kucenas et al., 2008 (Fig. 4 B) , indicating that loss of Tfap2 and Foxd3 functions do not interfere with oligodendrocyte differentiation and myelination. In the periphery of mutant larvae, MBP expression was entirely absent from lateral line nerves (data not shown), consistent with the failure of Sox10 ϩ cells to occupy the lateral line nerve. In contrast, anti-MBP labeled all ventral motor roots analyzed (Fig.  4 B, BЈ) , although the amount of MBP detected appeared less than in wild-type larvae (n ϭ 12 larvae, ϳ10 motor roots/larva).
We further tested the ability of oligodendrocytes to myelinate peripheral motor axons using electron microscopy. At 5 dpf in wild-type larvae, Schwann cells formed multiple layers of loosely compacted myelin surrounding motor axons (Fig. 4C) . Loosely compacted myelin was also apparent around motor axons in mob Ϫ/ Ϫ;mos Ϫ/Ϫ larvae (Fig. 4 D) (n ϭ 5 larvae, 10 -12 motor roots/ larvae), indicating that oligodendrocytes can undergo differentiation into functional myelinating glial cells in the PNS.
Schwann cells that invade the CNS produce myelin with peripheral characteristics (Gilmore et al., 1982; Sims and Gilmore, 1983) . Therefore, we used gene expression to investigate whether motor-nerve associated oligodendrocytes form central or peripheral myelin in mob Ϫ/Ϫ ;mos Ϫ/Ϫ larvae. Oligodendrocytes but not Schwann cells express proteolipid protein 1a (plp1a) (Brösamle and Halpern, 2002). As shown previously in wild-type larvae, plp1a expression was limited to oligodendrocytes that occupy ventral and dorsal spinal cord white matter (Fig. 5 A, B) . In contrast, plp1a ϩ cells were periodically distributed along the trunk of mob Ϫ/Ϫ ;mos Ϫ/Ϫ larvae, just ventral to spinal cord, consistent with the distribution of peripheral oligodendrocytes (Fig. 5C,D) .
OPC exit from spinal cord is not impeded by Boundary Cap cells in zebrafish
One possible explanation for our observations is that Schwann cells prevent OPC migration through MEPs. Alternatively, OPC migration from spinal cord in neural crest deficient mutant embryos might result from the absence of Boundary Cap (BC) cells, a transient, neural crest derived population that prevents motor neuron migration from the neural tube in bird and rodent embryos (Niederländer and Lumsden, 1996; Vermeren et al., 2003) . Zebrafish BC cells have not been described. Therefore, we investigated expression of egr2b, also known as krox20, cdh7, wif1, sema6d, and sema6 dl, which are homologous to genes that mark BC cells in chick and mouse embryos (Niederländer and Lumsden, 1996; Vermeren et al., 2003; Coulpier et al., 2009 ). We did not detect expression of any gene that correlated with the positions of dorsal entry or ventral exit points (data not shown).
If zebrafish have neural crest-derived cells that are functionally equivalent to BC cells, then motor neurons should migrate from neural tube in embryos deficient for neural crest. Our time-lapse imaging of cls Ϫ/Ϫ ;Tg(olig2:egfp):Tg(sox10(7.2):mrfp) embryos, in which motor neurons express EGFP, did not reveal motor neuron exit from spinal cord (Fig. 1) . We confirmed this using immunocytochemistry on transgenic, mutant embryos. We never found Isl ϩ Sox10 -cells, indicative of motor neurons, associated with motor roots in cls mutant embryos (n ϭ 12 embryos) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). However, it is possible that the cls/sox10 mutation does not interfere with BC cell function. Therefore, we also investigated the distribution of motor neurons in mob;mos mutant embryos using Isl immunocytochemistry. Double mutant embryos did not have peripheral Isl ϩ cells (n ϭ 7 embryos) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material) showing that, even in the absence of the entire neural crest population, motor neurons did not exit the spinal cord. These data indicate that, in zebrafish, a neural crest-derived BC population is not responsible for preventing motor neuron exit from the neural tube as in bird and rodent embryos. Therefore, OPC exit in normal development may be specifically blocked by interactions with Schwann cells at the CNS and PNS interface.
Discussion
The outermost layer of the nerve cord is the glia limitans, consisting of an interwoven meshwork of radial glia and astrocyte membrane extensions covered by basal lamina. The glia limitans and basal lamina are altered at nerve entry and exits points, which serve as specialized transition zones between the CNS and PNS. Nerve root transition zones are morphologically diverse (Fraher, 1992) but generally feature a thickened glia limitans in which glial processes both surround the axon bundle at the point of attachment with the CNS and segregate individual axons (Fraher, 1992 (Fraher, , 1997 (Fraher, , 2000 . The modified glia limitans of nerve root transition zones could contribute to a selective barrier that permits axon extension but blocks the movement of neurons across the CNS-PNS interface. Closely associated with nerve root transition zones during development of bird and rodent embryos are clusters of BC cells (Altman and Bayer, 1984; Wilkinson et al., 1989) . BC cells arise from neural crest (Niederländer and Lumsden, 1996) and, after pausing at dorsal root entry zones, produce Schwann cells that associate with the dorsal root and neurons and satellite glia of the dorsal root ganglia (Maro et al., 2004) . BC cells apparently cluster at transition zones before axons enter or exit the CNS (Niederländer and Lumsden, 1996; Vermeren et al., 2003) , although another study concluded that BC cells arrive at motor axon exit points only after axons begin to emerge (Fraher et al., 2007) . The close proximity of BC cells to transition zones raised the possibility that they determine the sites at which axons cross the CNS-PNS interface. However, heterotopic transplantation of hindbrain and spinal cord neural crest failed to provide supporting evidence (Niederländer and Lumsden, 1996) . Therefore, the cues that position axon entry and exit points might arise solely within the neuroepithelium.
Another possible role for BC cells is that they are components of a selective barrier that regulates axon extension and neuronal migration across the CNS-PNS interface. Consistent with this, sensory axons preferentially extended over BC cells in vitro (Golding and Cohen, 1997) . Motor axon extension, however, was unperturbed following surgical removal of neural crest and genetic ablation of BC cells (Vermeren et al., 2003) , indicating that motor axon exit from the CNS does not require the presence of BC cells. Instead, motor axon cell bodies translocate along their axons to migrate from the CNS into the periphery (Vermeren et al., 2003) , raising the possibility that BC cells inhibit movement of motor neuron cell bodies. Recent evidence revealed that Semophorin signaling, which plays numerous roles in axon guidance and cell migration, contributes at least partially to the mechanism that prevents motor neuron migration from the CNS. BC cells express the secreted Semaphorins Sema3b and Sema3G and membranebound Sema6A and Sema6D (Bron et al., 2007; Mauti et al., 2007; Coulpier et al., 2009) , whereas motor neurons express PlexinA molecules (Mauti et al., 2007) , which function as both ligands and receptors for class 6 Semaphorins (Tran et al., 2007) , and Neuropilin1 (Npn1) and Npn2 coreceptors (Bron et al., 2007) . One loss of function study indicated that Sema6A, Npn2, and PlexinA2, but not PlexinA1 functions are necessary to prevent motor neurons from leaving the CNS (Bron et al., 2007) , whereas another study indicated that Sema6A and PlexinA1 are required (Mauti et al., 2007) . Because Sema6a is bound to the cell membrane and BC cells are physically separated from motor neuron soma, the precise details of a Semaphorin-based gating mechanism remain unclear.
Whether zebrafish use a similar selective barrier mechanism at MEPs is still uncertain. sema3a1 is expressed broadly throughout somites but does not seem to be enriched at nerve roots (SatoMaeda et al., 2006) . Zebrafish motor neurons express plexina3 (Feldner et al., 2007; Palaisa and Granato, 2007; Tanaka et al., 2007) and the Npn1 ortholog nrp1a (Bovenkamp et al., 2004; Yu et al., 2004; Feldner et al., 2005; Sato-Maeda et al., 2008) . However, plexina3 guides motor axon extension but is not required for motor neuron cell body retention in the spinal cord (Feldner Palaisa and Granato, 2007; Tanaka et al., 2007) and, whereas one study showed that some motor neurons appear to migrate from the spinal cord in the absence of nrp1a function (Feldner et al., 2005) , another study did not find such evidence (Sato-Maeda et al., 2008) . Furthermore, our own efforts thus far have uncovered neither gene expression nor functional evidence for BC cells in zebrafish. Instead, we recently showed that nkx2.2a ϩ perineurial glial cells, which arise from ventral spinal cord and migrate through motor axon exit points to form motor nerve perineurium, prevent motor neuron exit from the spinal cord in zebrafish (Kucenas et al., 2008) . We speculate that, before their migration, perineurial glia form a transient, selective barrier that allows motor axon projection but not cell body migration. We do not yet know the mechanism by which perineurial glia inhibit motor neuron exit.
It seems likely that the movement of glial cells across the CNS-PNS interface is also regulated. During development, OPCs arise from spatially restricted CNS precursors and migrate long distances to fill the neural tube. Similarly, Schwann cell progenitors are produced by neural crest, which forms at the dorsal neural tube, and migrate to, and along, peripheral axons. Despite these highly motile behaviors, oligodendrocyte and Schwann cell internodes come into close proximity on common axons without overlapping within nerve root transition zones (Fraher and Kaar, 1984) . Schwann cells can be found in the CNS, but their presence in normal animals is very rare (Raine, 1976; Jung et al., 1978) . Conversely, small islands of oligodendrocytes, usually associated with astrocytes, have been found in peripheral tissues of humans and macaques (Tarlov, 1937; Maxwell et al., 1969) .
One possible impediment to glial migration across the CNS-PNS interface is the glia limitans and associated basal lamina. Consistent with this, large numbers of Schwann cells occupy spinal cord after damage to glial cells and the glia limitans by irradiation (Blakemore and Patterson, 1975; Gilmore et al., 1982; Sims and Gilmore, 1983; Sims et al., 1985) and following contusion injuries (Blight and Young, 1989; Beattie et al., 1997) . Intriguingly, Schwann cells also can occupy the CNS in demyelination models and individuals affected by Multiple Sclerosis, even in the apparent absence of damage to the glia limitans (Ghatak et al., 1973; Raine et al., 1978; Itoyama et al., 1983 Itoyama et al., , 1985 Yamamoto et al., 1991; Duncan and Hoffman, 1997) . These latter observations raise the possibility that interactions between myelinating cells of the CNS and PNS reciprocally restrict their movements across the interface.
Our time-lapse imaging and genetic experiments now provide evidence that glial cell interactions contribute to the selective barrier mechanism that operates at nerve root transitional zones. In the absence of differentiated neural crest derivatives or following Schwann cell death, OPCs migrated through MEPs, wrapped motor axons at multiple positions, consistent with oligodendrocyte behavior, and produced CNS myelin. We previously showed that OPCs dynamically interact during development and that OPCs divide, migrate and wrap axons following ablation of oligodendrocytes with a laser (Kirby et al., 2006) , which suggests that interactions between OPCs influence their number and spacing within the CNS. We propose that a similarly simple mechanism operates to selectively limit glial cell movement across the CNS-PNS interface. Under normal circumstances, OPCSchwann cell interactions at nerve root transition zones block their movements across the interface. However, if no Schwann cell or Schwann cell-derived signal is encountered, OPCs can migrate out of the CNS along peripheral axons and myelinate them. Notably, the interactions are specific to myelinating cells because perineurial glia migrate through motor axon exit points in the presence of Schwann cells (Kucenas et al., 2008) .
In summary, our work provides evidence that the transition between CNS and PNS myelin on axons that cross the interface is established by interactions between myelinating glia. During development, these interactions might serve to limit OPC movement across the interface, but not that of Schwann cells, because Schwann cells arrive at motor axons before OPCs are born. Therefore, it will be important to identify the mechanism of Schwann cell exclusion from the developing neural tube to fully understand how myelinating cells remain segregated within different compartments. One implication of our observations is that the ability of OPCs to cross the interface in the absence of Schwann cells might contribute to myelin homeostasis whereby perturbations that result in a deficit of Schwann cells are compensated by OPC migration from the spinal cord. Our work also raises a question about the functional significance of separating myelinating cell populations and whether failures to do so impair peripheral nerve function or contribute to peripheral nerve disease.
